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Abstract
Purpose Intraoperative ultrasound (IOUS) has become a
useful tool employed daily in neurosurgical procedures. In
pediatric patients, IOUS offers a radiation-free and safe
imaging method. This study aimed to evaluate the use of a
new real-time 3-D IOUS technique (RT-3-D IOUS) in our
pediatric patient cohort.
Material and methods Over 24 months, RT-3-D IOUS was
performed in 22 pediatric patients (8 girls and 14 boys)
with various brain tumors. These lesions were localized by
a standard navigation system followed by analyses before,
intermittently during, and after neurosurgical resection
using the iU22 ultrasound system (Philips, Bothell, USA)
connected to the RT-3-D probe (X7-2).
Results In all 22 patients, real-time 3-D ultrasound images
of the lesions could be obtained during neurosurgical
resection. Based on this imaging method, rapid orientation
in the surgical field and the approach for the resection could
be planned for all patients. In 18 patients (82%), RT-3-D
IOUS revealed a gross total resection with a favorable
neurological outcome.
Conclusion RT-3-D IOUS provides the surgeon with
advanced orientation at the tumor site via immediate live
two-plane imaging. However, navigation systems have yet
to be combined with RT-3-D IOUS. This combination
would further improve intraoperative localization.
Keywords Neuronavigation . Pediatric neurosurgery .
Intraoperative ultrasound . Image-guided surgery . Real-time
3-D ultrasound
Introduction
Image-guided systems, including neuronavigation, intra-
operative MRI (iMRI), or intraoperative ultrasound (IOUS)
have become essential neurosurgery intraoperative tools in
recent decades. Especially in pediatric neurosurgery, the
outcome of surgery often relies on the extension of tumor
removal. In such situations, image-guided systems seem to
be useful [1, 3, 4]. However, the integration of neuro-
navigation based on preoperative data is limited, due to
intraoperative changes, such as brain shift. Such tools as
iMRI and intraoperative CT (iCT) seem to address this
limitation [2, 8, 14]. Unfortunately, iMRI and iCT require
long image acquisition times, immense economic invest-
ments, special surgical equipment (iMRI), and special
workspaces. In addition, the ionizing radiation associated
with iCT and low image definitions are hardly acceptable
for many pediatric patients. Further improvements in
imaging modalities, such as advanced IOUS, seem to be a
promising alternative.
IOUS is an affordable, simple, and time-saving
intraoperative tool that might be a valuable neuro-
imaging technique of choice to shorten operation time,
avoid radiation, and improve resection control. So far,
only studies with real-time 2-D imaging or reconstructed
(time-delayed) 3-D imaging have been conducted [10,
17, 25, 26].
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In this study, we present our initial experience using a
real-time 3-D IOUS (RT-3-D IOUS) system for pediatric
cranial surgery. The aim of this study was to analyze the
feasibility of RT-3-D IOUS to assist and improve the
surgeon's orientation in pediatric neurosurgical cases.
Patients and methods
Patients
Twenty-two pediatric patients (8 females, 14 males; age
range, 1–17 years) presenting supra- (n=12) or infratento-
rial (n=10) brain lesions consecutively underwent surgery
performed between June 2009 and May 2011 at the
Department of Neurosurgery in Zurich by the senior author
(O.B., Table 1).
The lesion was diagnosed using pathohistological crite-
ria. The identified lesions included five pilocytic astrocy-
tomas (WHO grade I), five medulloblastomas (WHO grade
VI), two atypical territorial/rhabdoidal tumors (WHO grade
VI), two glioblastomas (WHO grade IV), and eight other
lesions. All patients had comprehensive physical and
neurological examinations upon admission and discharge,
including pre- and early postoperative MRI.
Intraoperative ultrasound technique
The US probe X7-2 was used to acquire real-time 3-D
images in combination with the iU22 ultrasound system
(Philips, Bothell, USA). The transducer and cord were
placed in a sterile transparent plastic sheath, and the scan
head was secured by a rubber band. The X7-2 transducer
operated at 2–7 MHz. Sterile saline was used for irrigation
between the sheathed transducer and the dura for adequate
transmission of the acoustic beam. The X7-2 was mainly
designed for cardiologists and gynecologists. The xMA-
TRIX array technology utilizes 2,400 fully sampled
elements for 360-degree focusing and steering. The array
probe enables live xPlane imaging to acquire two full-
resolution planes simultaneously from the region of
interest. The system's multidirectional beam steering pro-
vides unlimited planes in all directions, and live volume
imaging allows the acquisition and rendering of full-volume
data at true real-time frame rates with unparalleled isovoxel
resolution.
Table 1 Pediatric patient population
Patient no. Age (year)/gender Degree of resection Diagnosis (WHO grade) Location (side) Size (cm3)
Case 1 (B.A.) 9/M GTR Medulloblastoma, IV Cerebellar 2.4×2.2×2.2
Case 2 (I.M.) 15/F STR Craniopharyngioma, I Suprasellar 2.7×2.3×3.0
Case 3 (V.S.) 2/F GTR Atypical territorial/rhabdoidal, IV Cerebellar 2.9×3.4×3.3
Case 4 (D.Z.) 9/M STR Atypical territorial/rhabdoidal, IV Frontal R 4.8×5.8×5.0
Case 5 (H.L.) 5/F GTR Medulloblastoma, IV Cerebellar 3.4×2.5×2.6
Case 6 (R.S.) 7/M GTR Pilocytic astrocytoma, I Suprasellar 4.3×4.2×4.1
Case 7 (M.S.) 17/M GTR Ganglioglioma, II Temporal R 2.4×1.7×2.7
Case 8 (F.P.) 9/M GTR Cavernoma Frontal R 3.3×3.5×3.1
Case 9 (M.J.) 3/M GTR Ependymoma, II IV ventricle 4.7×3.7×3.3
Case 10 (G.F.) 13/F GTR GBM rez, IV Frontal L 1.3×1.4×1.2
Case 11 (B.S.) 16/M GTR Pleomorphic xanthoastrocytoma rez, I Temporoparietal R 5.0×6.6×6.9
Case 12 (G.N.) 5/M GTR GBM, IV Parietal R 6.5×6.4×5.1
Case 13 (L.D.) 15/M GTR Atypical pilocytic astrocytoma, I Parietal L 5.4×5.1×4.9
Case 14 (M.E.) 9/F STR Medulloblastoma, IV IV ventricle 3.9×3.2×3.5
Case 15 (B.Y.) 10/F GTR Medulloblastoma, IV Cerebellar 3.3×4.6×4.1
Case 16 (B.M.) 4/M PR Meningioma, II Suprasellar 4.4×4.1×3.8
Case 17 (L.D.) 2/F GTR Pilocytic astrocytoma, I Cerebellar 5.4×4.3×4.2
Case 18 (E.M.) 11/M GTR Anaplastic ependymoma, III Parietal R 4.2×4.4×3.4
Case 19 (H.N.) 4/M GTR Pilocytic astrocytoma, I Cerebellar 4.6×5.4×6.2
Case 20 (S.A.) 8/M GTR Medulloblastoma, IV IV ventricle 4.2×3.2×4.3
Case 21 (L.L.) 4/M GTR Ganglioglioma, I Temporopolar R 2.6×2.1×2.7
Case 22 (S.E.) 8/F GTR Pilocytic astrocytoma, I Cerebellar 4.3×4.9×6.7
GTR gross total resection, STR subtotal resection, PR partial resection, M male, F female, GBM glioblastoma multiforme
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Intraoperative ultrasound scanning
For optimal US imaging, all patients were positioned
during surgery with a nearly vertical craniotomy channel
such that saline remained in the resection cavity after dura
opening. The initial US acquisition was performed extra-
durally following craniotomy. After dura opening, when
used intermittently or for a final scan, the US probe was
moved over the field of interest with continuous irrigation
of saline. The localization of the tumor and the usual
surrounding anatomical landmarks (falx, tentorium, ven-
tricles, brainstem, or skull base) were verified in each case.
Colored Doppler mode was used (when needed) to verify
vascular structures.
An acquisition procedure was not necessary, as we worked
in a completely live 3-D mode. The “X-Plane” mode enables
the user to visualize two US images in two different planes (in
the degree of choice; Fig. 1). For instance, if the surgeon
holds the US probe in an axial position, then a choice of 90°
or 270° will illustrate the corresponding coronal (from the
lateral approach) or sagittal (from the anterior approach)
image of interest simultaneously. Furthermore, during the
“Live 3-D” mode, all US information from the array probe
cone is displayed (Fig. 3). The width can be adjusted
according to the needs of the surgeon. The images were
displayed online and immediately responded (live) to all the
movements of the probe.
Tumor visualization and resection control
After data collection was completed, tumor removal was
performed. While debulking the lesion, intraoperative
scanning was performed to estimate tumor remnants. After
surgery was completed, an ultrasound scan was performed
as a final resection control. In cases of suspicious areas that
may harbor possible lesion remnants, microscopic reeval-
uation was performed, and those areas were excised if
possible.
The senior surgeon (O.B.) estimated the resection grade
based on macroscopic findings and final US scan. These
Fig. 1 Illustrative case no. 1 (case 13, L.D.): preoperative axial T1
MRI with contrast (a) of a 15-year-old male patient with a left parietal
atypical pilocytic astrocytoma and the corresponding RT-3-D IOUS
images in “X-Plane” mode as shown in the coronal (b) and sagittal (c)
planes before tumor removal. RT-3-D IOUS of the coronal (e) and
sagittal (f) planes and postoperative axial T1 MRI with contrast after
24 h (d) confirm total removal of the lesion. F falx, RV right ventricle,
T tumor, LV left ventricle, RC resection cavity, CP choroid plexus
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data were used at the end of the surgery to differentiate
between a complete and incomplete resection. The extent of
resection was confirmed by postoperative MRI within 24–
72 h by a pediatric neuroradiologist.
Results
In our consecutive case series of 22 pediatric patients, we
were able to localize all lesions using the RT-3-D IOUS
system without any complications. In all cases, rapid
orientation of the surgeon was achieved via RT-3-D IOUS
mode location of the lesion along with its leading
anatomical landmarks (falx, tentorium, ventricles, brain-
stem, or skull base). RT-3-D IOUS was useful in confirming
lesion location and differentiating between solid tumors and
cystic components (Figs. 2 and 3 in case 19, H.N.,
illustrative case no. 2). The average scanning time per
procedure was less than 10 min with an average scanning
time of approximately 1–3 min per scan.
In all cases, the chosen craniotomy was sufficient for the
US probe. No enlargement of the craniotomy for the US
probe was needed. There were no complications, such as
bleeding through manual scanning. After dural closure, the
images were more difficult to interpret, due to remnant air
bubbles located in the subdural space.
Gross total resection (GTR) was achieved in 18 out of 22
cases (81.8%; e.g., illustrative case 1, Fig. 1). In two cases
(cases 2 and 16), tumor infiltration involved the hypothal-
amus, and radical resection was avoided. In another case
(case 4), GTR was avoided, due to multiple occurrences of
the tumor as well as infiltration of the eloquent areas. In
only one case (case 14, M.E.), complete resection was
determined by the surgeon but not confirmed by the
neuroradiologist (Fig. 4, illustrative case no. 3). A residual
tumor (1.0×0.5×0.5 cm) was detected and resected in a
Fig. 2 Illustrative case no. 2 (case 19, H.N.): preoperative axial T1
MRI with contrast (a) of a 4-year-old male patient with a pilocytic
astrocytoma in the right cerebellum and the corresponding intra-
operative RT-3-D IOUS images (b, c) in “X-Plane” mode as shown in
the coronal (b) and sagittal (c) planes before tumor removal. RT-3-D
IOUS of the coronal (e) and sagittal (f) planes and postoperative axial
T1 MRI with contrast after 24 h (d) confirm total removal of the
lesion. TC tumor cyst, T tumor, RC resection cavity
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second surgery 1 week after the primary surgery. Excluding
the three intended subtotal resections, the GTR rate was
94.7% (1 out of 19). With regard to the localization of the
lesions, almost the same GTR resection rate of 90% (one
out of ten) was detected for all posterior fossa tumors.
There was no permanent neurological deficit in any case
Fig. 3 Illustrative case no. 2
(case 19, H.N.): preoperative
“Live 3-D” mode (a) of case 19
displaying the cystic component
surrounding the tumor before
tumor removal. In the postre-
section “Live 3-D” mode, b
tumor border differentiation is
difficult. TC tumor cyst, RC
resection cavity
Fig. 4 Illustrative case no. 3 (case 14, M.E.): preoperative axial T1
MRI with contrast (a) of a 9-year-old female with a medulloblastoma
in the fourth ventricle and the corresponding “X-Plane” 3-D IOUS
images in “X-Plane” mode as shown in coronal (b) and sagittal (c)
planes before tumor removal. Total removal was intended by the
surgeon but was not confirmed by the neuroradiologist. On the
postoperative axial T1 MRI with contrast, a small residual was seen
(left to the asterisk) corresponding to the IOUS in coronal (e) and
sagittal (f) planes. RT residual tumor
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due to GTR. Only temporary gait disturbance in most of the
posterior fossa cases and limited instances of hormonal
dysfunction in suprasellar tumor surgery have been noted.
Discussion
Intraoperative imaging and IOUS
Intraoperative imaging methods, such as iMRI and IOUS,
that compensate for brain shift and mass reduction have
been introduced in adult surgery and also, recently, in
pediatric care [18, 19, 24]. IOUS is more widely used than
iMRI, due to its lower costs and easier installation require-
ments. In addition, iMRI requires specialized surgical
instruments and extra shielding in the operating room [5].
Most importantly, iMRI requires higher operating costs.
However, IOUS has a lower image quality and an
individual learning curve before the surgeon can reliably
correlate the anatomy to the pathological conditions. In our
opinion, because of ionizing radiation, intraoperative iCT is
not recommended for pediatric tumor resection and does
not represent a viable alternative to iMRI or IOUS.
Kremer et al. have shown a total resection of 83% when
iMRI was used as a tumor resection control in a study of 35
children [15]. We achieved a resection rate of 82% in a
smaller cohort of 22 pediatric patients using IOUS.
Samdani et al. demonstrated that a low-field iMRI in
pediatric neurosurgery provides additional information for
resection and real-time catheter placement [22], which we
could also confirm with the IOUS technique. To date, there
are no published prospective randomized studies comparing
outcomes and resection control percentages between these
two intraoperative imaging modalities.
Although IOUS is considered to be unsuitable for
differentiating between surrounding tissue and edema
[21], we could demonstrate improvements in this regard
with our new RT-3-D IOUS. In 2008, He et al. used IOUS
in combination with the contrast-enhancing agent to detect
intracranial tumors and to differentiate between tumor
tissue and surrounding tissue [13]. However, a pitfall of
this method is that other sources other than contrast-
enhancing tissue can represent a tumor. Additionally,
contrast-enhanced ultrasound for neurosurgery is restricted
in some countries.
Unsgaard et al. published a benchmark review article
regarding developments in reconstructed 3-D US [26].
The authors used the intraoperative imaging system
SonoWand® (Mison, Trondheim, Norway) that is a high-
end US platform with a supplementary navigation system
[12]. Several groups (including ours) have shown that the
combination of image-guided neurosurgery with 3-D US
increases the diagnostic value significantly [16, 17, 20,
28]. Furthermore, Letteboer et al. demonstrated that
immediate updating during the operation helps to mini-
mize the problem of brain shift [16].
Our RT-3-D probe is not primarily designed for
neurosurgical procedures, but there is an increasing
corporate interest in adapting probes for brain and tumor
visualization in the future, as in recent years, all settings are
digital and therefore also programmable. This possibility of
individual setting adjustment leads to more customizable
products. Improvements in image quality and increased
pixels are inevitable. In this study, we present the first
retrospective study of RT-3-D IOUS with intracranial
lesions in a pediatric population to verify the value of RT-
3-D IOUS for additional image-guided orientation in
pediatric brain surgery. Ideally, RT-3-D should eliminate
the reconstruction time with no further disadvantages.
Intraoperative real-time 3-D ultrasound
With our new RT-3-D IOUS technique, we achieved fast
and real-time imaging of the progress of the operation
during all stages of the updated operation. The resolution of
our real-time 3-D probe was comparable to the standard
quality associated with commonly used 2-D US systems
and offered the surgeon enough accuracy to compensate for
brain shift. An acquisition procedure was not necessary, as
our 3-D data were immediately available in a live view.
Repeated intraoperative image updating was valuable and
easily accomplished in all cases.
Within our pediatric patient population, the use of our
US system did not cause us to alter the surgical plan of a
short skin incision and smallest possible bone flap. This
fact is helpful in pediatric operations, as it eases postoper-
ative pain and relieves psychological burden after the
operation (for the patient and parents). There was no need
for enlargement of the craniotomy or extra opening for
ultrasound. In fact, such extra craniotomy for ultrasound
imaging is not recommended, especially in pediatric cases
[25]. The RT-3-D US probe is approximately 3×2 cm in
size and does not exceed even a minimal craniotomy.
Extent of resection and RT-3-D IOUS
The extent of resection (EOR) in gliomas is a prognostic
factor for survival [6, 9, 23]. El Beltagy et al. recently
described the role of IOUS in resection of pediatric patients
[10]. This group worked with a 2-D 6.5-MHz probe in
conventional B-mode, and EOR was the same when
comparing IOUS and immediate postoperative MRI. The
authors were able to achieve a total resection rate of over
55% in their series of 25 heterogeneous pediatric patholo-
gies. They concluded that 2-D IOUS is a useful imaging
technique in defining the border between the tumor and
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healthy brain tissue. In addition, this technique helped the
surgeon to detect tumor remnants. Unsgaard et al. were able
to improve tumor removal with 3-D IOUS in 2005.
Furthermore, they were able to differentiate more effectively
between tumor tissue and healthy brain [27]. Our GTR was
82% overall and 94% in intended GTR. However, we are not
able to conclude that RT-3-D is superior to RT-2-D IOUS
yet. In our experience, when previous work with RT-2-D and
navigated reconstructed 3-D IOUS imaging are compared,
RT-3-D IOUS only aided orientation during surgery. This
technique did not present superior imaging but, instead,
exhibited the same imaging quality but in an additional
plane. Similar to our results, Roth et al. [19] achieved a
100% GTR rate when GTR was intended (two cases with
hypothalamic involvement were not operated radically).
Their series was smaller (15 cases), but the authors used a
navigational reconstructing 3-D IOUS system [19]. Combi-
nation systems with neuronavigation necessitates reconstruc-
tion time, but automatic systems, such as IG Sonic
(BrainLab, Munich, Germany) and SonoWand® (Mison,
Trondheim, Norway), have reduced this waiting time
significantly.
Neurological deficit is a risk of complete resection. In
this series, we did not resect radically in eloquent areas
when significant damage was likely (e.g., hypothalamic
infiltration, cases 2 and 16) or when radical resection of an
eloquent lesion (because of additional other lesions) did not
represent any prognostic advantage (e.g., case 4). All other
current IOUS publications address this issue with a similar
opinion and results [7, 11, 19, 28]. There are no reports of
increased neurological deficits associated with IOUS-
guided radical resections. On the other hand, it is difficult
to conclude that IOUS directly contributes to the preserva-
tion of neurological function. This important aid is more
directly supplied by intraoperative electrophysiological
monitoring, as performed in all of our cases in eloquent
regions.
Resection control—technical considerations
Unsgaard et al. were able to better differentiate between
tumor tissue and healthy brain tissue in 2005 [27]. El
Beltagy et al. described a technique in which filling the
resection cavity with saline was performed for comparison
of resection size and MRI images for the measurement of
total resection amount. We did not fill our cavity with saline
for the resection control. We have never used this technique
to measure the resection diameter and are dubious of its
suitability. Neither Unsgaard et al. nor other US researchers
have described this resection control method. In addition, a
validation of this method by prospective studies has not
been published. Tumors do have extreme expansive
attributes, and in many cases (especially in posterior fossa
tumors), immediate mass reduction after dura opening is
necessary to avoid herniation. Such a mass effect can
hardly be reproduced by saline insertion. Additionally, El
Beltagy reports that leaving Surgicel in the tumor cavity
may interfere with IOUS interpretation. This finding is in
concordance with our experience and is the reason why
we did not use artificial material before or after scanning. The
artificial tissue may also lead to a misleading contrast-
enhancing lesion in the postoperative MRI.
Another problem with resection control using IOUS is
defining the tumor border. Occasionally, brain tissue with a
small local hemorrhage can imitate tumor tissue after a
certain procedural time, and further imaging becomes more
difficult. Interestingly, most IOUS articles prefer extradural
images for their publications, as they appear to be finely
defined. We used an ultrasound aspirator to debulk gliomas
quickly in the middle of the tumor before concentrating on
the borders. With this technique, the tumor borders can still
be easily confirmed with US even after debulking and
partial resection. The quality of the US imaging needs to
increase continuously, but this improvement is certainly
possible, as better probes are being produced with higher
frequencies.
Learning curve and real-time versus reconstructed 3-D US
El Beltagy et al. stated that in some cases, IOUS could
substitute for intraoperative MRI [10]. Roth et al. also
expressed similar thoughts and noted that superior iMRI
results have not been yet presented [19]. However,
especially for ultrasound users, it is important to not forget
that most pediatric brain tumors (especially malignant ones)
need early postoperative MRI for the study protocols. In
order to obtain a complete resected tumor by postoperative
MRI, in our opinion, the best method remains high-field
intraoperative MRI. However, there are only few centers
that can afford such a system. An alternative is important as
intraoperative imaging is even more significant and often
demanded by the patients and parents.
El Beltagy et al. noted that increasing use of IOUS leads
to improved ease of use for neurosurgeons [10]. There is
certainly a learning curve and experience is required when
interpreting intraoperative US images, especially after dura
opening and partial resection. We support the notion that
US becomes more beneficial with neuronavigational sup-
port [11]. The group around El Beltagy did not use a
navigation system during their study, and we are confident
that adding this tool would increase their contentment with
IOUS.
In summary, RT-3-D IOUS improves the orientation for
an experienced US user by simultaneous display of two
images in the degree of choice. Inexperienced US users
should make use of the ultrasound and neuronavigation-
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combined systems. A significant enhancement in orienta-
tion should accompany the use of the combined system.
Outlook and future
The literature still lacks prospective studies that evaluate
and compare clinical outcomes between different US users
and intraoperative imaging modalities. In addition, iMRI is
a developing technology compared to IOUS, and these
modalities appear to be in concurrence. However, some
neurosurgical centers already practice fast preliminary
resection control with IOUS (to save time) and subsequent-
ly finish cases with an iMRI. This practice indicates that
both methods can be used in combination.
Our experience with RT-3-D IOUS use for pediatric
patients is encouraging, but we are not yet satisfied with the
image resolution. There is no doubt that this technique will
improve in the near future as novel probes are developed.
High frequency probes already provide high-structure
definition and will lead to a new interpretation of tumor
borders and edema.
Another future possibility will be the combination of an
RT-3-D IOUS probe with a navigation system. The ability
to visualize the live ultrasound images in the convenient
axial, coronal, and sagittal planes next to the corresponding
preoperative MRI would further improve orientation and
reduce surgical time [7]. However, as this capability
requires a high amount of constant data transfer and
accompanying calculation, it is currently difficult to realize.
Conclusion
In our study, real-time 3-D intraoperative ultrasound
provided the surgeon with an advanced wider orientation
via “live” two-plane imaging in all stages of surgery, and
this technique was useful as a resection control aid.
Combining this technique with a navigation system would
provide a further improvement in local intraoperative
orientation.
Disclosure The real-time 3-D US transducer has been provided by
the company Philips for research purposes. This is not the case for the
US system IU22, which was bought by the department. No further
financial collaborations, consulting contracts, or conflicts of interest
exist.
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